MicroRNAs (miRNAs) play critical roles in multiple processes of skeletal development. A global reduction of miRNAs in growth plate chondrocytes results in defects in both proliferation and differentiation; however, specific microRNAs responsible for these defects have not been identified. In this study, we provide evidence that let-7 miRNAs and microRNA-140 (miR-140), among other miRNAs expressed in chondrocytes, play major roles in endochondral bone development. We overexpressed lin-28 homolog A (Lin28a) to inhibit let-7 miRNA biogenesis in growth plate chondrocytes. Lin28a overexpression efficiently and specifically reduced let-7 miRNAs and up-regulated let-7 target genes. However, unlike the previous notion that let-7 miRNAs inhibit proliferation and growth, suppression of let-7 miRNAs via Lin28a overexpression decreased proliferation in growth plate chondrocytes, likely through up-regulation of the let-7 target cell cycle regulators cell division cycle 34 (Cdc34) and E2F transcription factor 5 (E2F5). Deficiency of the chondrocyte-specific miRNA, miR-140, causes a differentiation defect in growth plate chondrocytes. Although either Lin28a overexpression or miR-140 deficiency alone caused only mild growth impairment, mice with both miR-140 deficiency and Lin28a overexpression in chondrocytes showed a dramatic growth defect. Deregulation of distinct processes in the absence of these miRNAs synergistically decreased the proliferating chondrocyte mass; miR-140 deficiency reduced differentiation into proliferating chondrocytes, whereas Lin28a overexpression decreased proliferation per se.
chondrocyte differentiation | chondrocyte proliferation | mouse S keletal growth is primarily driven by the growth plate (1) . Differentiation and proliferation of growth plate chondrocytes are tightly coordinated to achieve normal skeletal growth. Growth plate chondrocytes are divided into roughly three groups based on their differentiation and proliferation statuses. Resting chondrocytes, located at the most epiphyseal end, proliferate infrequently and differentiate into columnar proliferating chondrocytes that vigorously proliferate while forming orderly columns. Columnar proliferating chondrocytes then further differentiate into postmitotic hypertrophic chondrocytes. Thus, alterations of chondrocyte proliferation and/or differentiation influence the number and size of hypertrophic chondrocytes, which are the major determinant of the shape and growth speed of long bones.
MicroRNAs (miRNAs) regulate gene expression mainly at the posttranscriptional level. Direct binding of miRNAs to their target RNAs usually suppresses gene expression and facilitates RNA degradation (2, 3) . miRNAs have been shown to regulate important biological functions in diverse organisms, including mice (4) . We have previously shown that global miRNA deficiency in growth plate chondrocytes via conditional ablation of Dicer, a gene encoding an RNase III that catalyzes miRNA maturation, results in reduced chondrocyte proliferation and accelerated chondrocyte differentiation (5) . However, roles of specific miRNAs in skeletal development remain largely unknown.
MicroRNA-140 (miR-140) and miR-140*, generated from the Mir140 gene, are abundantly and relatively specifically expressed in chondrocytes. We and others have found that loss of the Mir140 gene causes a mild skeletal growth defect (6, 7) . Mir140 deficiency causes a defect in chondrocyte differentiation at multiple steps, whereas it does not affect proliferation (7) . Because Dicer deficiency causes a dramatic proliferation defect, this finding suggests that miRNAs species, other than miR-140 or miR-140*, play an important role in regulating chondrocyte proliferation.
Chondrocytes express a few hundred detectable miRNAs, and let-7 family miRNAs collectively constitute the largest miRNA species in chondrocytes (5). The murine let-7 family is composed of 12 members expressed from eight genomic loci (let-7a-1, let-7a-2, let-7b, let-7c-1, let-7c-2, let-7d, let-7e, let-7f-1, let-7f-2, let-7g, let-7i, and miR-98). The let-7 miRNAs are ubiquitously expressed in most somatic cells, but their expression is suppressed in ES cells and cancer stem cells. The suppression of let-7 is crucial for maintenance of the undifferentiated state and for self-renewal of stem cells (8) . In contrast, ectopic let-7 induction rescues differentiation defects of miRNA-deficient ES cells, demonstrating that let-7 miRNAs facilitate stem cell differentiation (9) . The let-7 miRNAs are also considered to be tumor suppressor miRNAs. The down-regulation of let-7 is associated with poor prognosis in patients who have lung cancer (10) . The causal role of let-7 downregulation in tumorigenesis has been established recently (11) (12) (13) . The let-7 miRNAs generally suppress cell proliferation through down-regulation of a series of oncogenic molecules, including RAS and high mobility group AT-hook 2 (HMGA2) (14) (15) (16) .
Although the importance of let-7 suppression in stem cells and cancer cells has been relatively well established, specific roles of let-7 miRNAs in many types of somatic cells, including skeletal cells, have been poorly defined. This is mainly due to the technical difficulty in applying the conventional gene targeting method to Significance A global reduction of microRNAs (miRNAs) in growth plate chondrocytes results in defects in both proliferation and differentiation; however, specific miRNAs that regulate these processes have not been identified. In this study, we provide evidence that let-7 miRNAs and microRNA-140 (miR-140), among other miRNAs, play major roles in endochondral bone development. We found that suppression of let-7 miRNAs in chondrocytes reduced proliferation, whereas the chondrocytespecific miR-140 was necessary for differentiation into proliferating chondrocytes. Deficiency of both let-7 and miR-140 caused a dramatic growth defect, synergistically reducing proliferating chondrocyte mass. Thus, these miRNAs coordinately regulate distinct steps of endochondral bone development. let-7 miRNA genes for loss-of-function studies, because let-7 miRNAs are encoded in eight different genomic loci. However, a recent finding that the RNA binding proteins lin-28 homolog A (LIN28A) and LIN28B, abundantly expressed in stem cells, specifically inhibit let-7 biogenesis has provided a novel means to suppress endogenous let-7 miRNAs. LIN28 proteins bind to the loop region of pri-and pre-let-7 miRNA transcripts to inhibit processing into mature let-7 miRNAs and to facilitate degradation (17) . Transgenic mice ubiquitously expressing LIN28 proteins have been generated; a low-level ubiquitous expression of LIN28 proteins causes overgrowth, delayed puberty, and insulin hypersensitivity in mice (18, 19) , whereas ubiquitous let-7 overexpression causes a mild growth defect and glucose intolerance (19, 20) . Although these mice show altered skeletal growth, it is not known whether their skeletal phenotypes are a direct consequence of LIN28 or let-7 overexpression in skeletal cells.
In this study, we investigate the role of the two abundantly expressed miRNA species in chondrocytes, let-7 miRNAs and miR-140/140*, in skeletal development. We show that Lin28a overexpression reduces let-7 miRNAs, decreases proliferation, and increases cell death in growth plate chondrocytes, which is due, at least in part, to the reduction of let-7 miRNAs and upregulation of let-7 target genes. We also demonstrate that simultaneous Mir140 loss and Lin28a overexpression in chondrocytes cause a substantial growth defect resembling that of mice missing Dicer in chondrocytes, providing evidence that these two species of miRNAs, let-7 miRNAs and miR-140/140*, among other miRNAs, play important roles in skeletal development by regulating different processes of endochondral bone growth.
Results
Generation of Cre-Inducible Lin28a Transgenic Mice. To suppress let-7 miRNAs in vivo, we generated a Cre-dependent binary system to overexpress Lin28a. In this system, Lin28a is expressed from the ubiquitous promoter, CAGGS, after Cre recombinase removes a loxP-flanked stop sequence (Fig. 1A) . Five transgenic mouse lines carrying the Cre-dependent Lin28a transgene construct (Lin28a c ) were established. Cre-dependent LIN28A induction was confirmed in four lines (Fig. 1B) . Two lines (M1 and M2) were used for this study. Both lines gave similar results.
Lin28a Overexpression in the Limb Mesenchyme Causes Overgrowth and Polydactyly. Lin28a up-regulation is associated with various cancers (21), and a low-level ubiquitous expression of Lin28a causes overgrowth, including that of skeletal tissues (18) , suggesting that Lin28a promotes cellular proliferation. To examine the effect of Lin28a overexpression in skeletal progenitor cells, we first overexpressed Lin28a in limb mesenchymal cells using Prx1-Cre transgenic mice (22) . LIN28A overexpression in embryo day (E) 12.5 limb buds was confirmed in Prx1-Cre:Lin28a c doubly transgenic mice (Fig. S1A ). Prx1-Cre:Lin28a c doubly transgenic mice developed limb overgrowth and postaxial polydactyly in forelimbs ( Fig. 1 C-E) . When Lin28a was overexpressed from both alleles (homozygous Lin28a c ) in the limb mesenchyme, polydactyly and syndactyly were found also in the anterior forelimbs and occasionally in hind limbs (Fig. 1F ). This phenotype is likely a consequence of overgrowth of the limb mesenchyme during development (Fig. 1G) , because various genetic conditions in mice and humans that cause limb overgrowth, such as GPC3 mutation (23), mutations in the PI3K pathway (24, 25) , and Cdkn1c mutations (26) , are often accom- panied by polydactyly. It is also possible that Lin28a overexpression affects signaling systems that govern digit patterning, although we did not find evidence that suggested alterations in Shh or BMP signaling that controls digit patterning (Fig. S1C ). The precise mechanism for the overgrowth is not clear because we were unable to detect a significant increase in cell proliferation in E11.5 and E12.5 limb buds ( Fig. S1 D and E). Given the magnitude of overgrowth, it is possible that the change of proliferation at a given time point is modest but its accumulative effect over time can be appreciable. Analysis of limb bud RNA demonstrated that Lin28a overexpression significantly downregulated let-7 miRNAs and up-regulated the well-known let-7 target gene, Hmga2 (Fig. 1H ). This overgrowth phenotype is in line with a previous report in which ubiquitous low-level expression of Lin28a in mice increased the size of the animals (18) . Because the overgrowth in Prx1-Cre:Lin28a c mice is limited to the Prx1-expressing tissue, this result demonstrates that Lin28a-induced overgrowth is caused in a cell-autonomous fashion.
Lin28a Overexpression in Chondrocytes Reduces Proliferation and
Increases Cell Death. To investigate the effect of Lin28a overexpression in growth plate chondrocytes, we overexpressed Lin28a using Col2-Cre transgenic mice (27) . In this system, Lin28a is overexpressed after differentiation of mesenchymal cells into the chondrocytic lineage. Unlike the Prx1-Cre:Lin28a c mice, which showed overgrowth, Col2-Cre:Lin28a c mice showed a mild growth defect ( Fig. 2A ). Histological analysis revealed that Lin28a overexpression caused an enlargement of cell size in some proliferating chondrocytes, although maintaining a relatively normal growth plate structure (Fig. 2B ). These enlarged chondrocytes are not aberrantly differentiated hypertrophic chondrocytes because they were negative for Col10a1, a specific marker for hypertrophic chondrocytes (Fig. S2 ). Lin28a overexpression decreased proliferation of columnar proliferating chondrocytes in a dose-dependent manner ( Fig. 2 C and E) . We also found an increase in cell death in the growth plate overexpressing Lin28a ( Fig. 2 D and F) . The increase in cell death was caused by a mechanism independent of TRP53 (p53), a tumor suppressor molecule that is activated on aberrant oncogenic or genotoxic stimuli to mediate cell cycle arrest and apoptosis, because simultaneous ablation of the Trp53 gene was not able to rescue this phenotype (Fig. 2D ). These growth plate phenotypes are also observed in Prx1-Cre:Lin28a c mice (Fig. S3 ).
Lin28a Overexpression Decreases let-7 miRNAs and Increases let-7
Target mRNA in Chondrocytes. The best-known role of LIN28A is inhibition of biogenesis of let-7 miRNAs. Recently, it was found that LIN28A also binds to other RNA species and is suggested to have other functions, such as regulation of RNA splicing and translation of certain RNAs (28) (29) (30) (31) (32) . To examine the effect of Lin28a overexpression in chondrocytes, we performed miRNA and RNA profiling. RNA was extracted from primary rib chondrocytes. Lin28a overexpression relatively specifically suppressed expression of most let-7 miRNAs, although it had a marginal effect on let-7c (Fig. 3A) . This is presumably due to the fact that pre-let-7c miRNA has a less optimal binding sequence for LIN28 proteins (28, 32) . We performed microarray analysis to compare expression profiles in primary rib chondrocytes between Col2-Cre:Lin28a c and control mice. Among those whose signal intensity was greater than 200 (30,725 probes of a total 35,512 probes, with an average intensity of 2,838), we found that expression of 56 genes was up-regulated by more than 40% in chondrocytes overexpressing Lin28a (Table S1) . Among the 56 genes, 10 (17.8%) were predicted to be let-7 target genes by the computational prediction program, TargetScan (33) . Because TargetScan predicted 928 conserved let-7 target genes (Magnification, ×40.) (E) Quantification of the BrdU labeling index (n = 3; *P < 0.05 vs. Ctrl; **P < 0.05 vs. Tg). (F) Quantification of TUNEL-positive cells (*P < 0.05 vs. Ctrl). There is no significant difference between Lin28a transgenic mice and Lin28a:Trp53 doubly mutant mice.
among 18,615 genes in the genome (4.9%), predicted let-7 target genes were significantly enriched in genes up-regulated in Lin28a-overexpressing chondrocytes (P < 0.001, χ 2 test). The predicted let-7 target genes that were up-regulated in Lin 28a transgenic mice included potential cell proliferation regulators, such as Hmga2, E2F transcription factor 5 (E2F5), cell division cycle 34 (Cdc34), and pleiomorphic adenoma gene-like 2 (Plagl2) (Fig. 3 B-C ). These results demonstrate that Lin28a overexpression specifically reduces let-7 miRNAs and up-regulates let-7 target genes in chondrocytes.
Up-regulation of the let-7 Target Gene Hmga2 Does Not Play a Causal Role in Lin28a Transgenic Phenotype Development. The DNA architectural factor and protooncogene Hmga2 is often overexpressed in tumor cells. HMGA2 directly interacts with chromatin and facilitates RNA transcription (34) . The Hmaga2 gene, predicted to have six conserved let-7 binding sites, is one of the bestcharacterized let-7 target genes. Loss of let-7 binding to Hmga2 transcripts due to genomic rearrangements causes Hmga2 overexpression in tumor cells, which likely plays a causal role in tumorigenesis (15, 16) . We hypothesized that Hmga2 up-regulation might contribute to skeletal phenotypes of Lin28a transgenic mice. To test this hypothesis, we crossed spontaneous Hmga2-null mutant (pygmy) mice (35) to Lin28a transgenic mice to generate compound mutant mice. Homozygous Hmga2-null mice are proportionally smaller than controls (Fig. 4A) . However, the absence of Hmga2 did not rescue the overgrowth or polydactyly in Prx1-Cre:Lin28a c transgenic mice (Fig. 4 A-C) . Likewise, Hmga2 loss had no effect on the morphological changes of chondrocytes (Fig. 4D ), proliferation defects (Fig. 4 E and G) , or cell death (Fig. 4 F and H Overexpression of the let-7 Target Genes Cdc34 and E2F5 Suppresses Chondrocyte Proliferation. In addition to Hmga2, three of the genes up-regulated in the Lin-28a-overexpressing chondrocytes Cdc34, E2F5, and Plagl2 were predicted to be let-7 target genes and were also implicated in the regulation of cell cycle progression (Fig. 3 B and C) . To investigate the roles of let-7 miRNAs and their target genes in chondrocyte proliferation, we first established a primary chondrocyte culture system. Primary rib chondrocytes were isolated from mice at postnatal day 1.5 and infected with retroviruses. In this system, we typically achieved 60-80% infection rates as determined by GFP coexpressed from the virus vector. Lin28a overexpression significantly reduced cell number, whereas co-overexpression of let-7 partially rescued the proliferation defect (Fig. 5A) . The decrease or increase of let-7 levels after Lin28a or let-7 virus infection was confirmed (Fig. 5B) . These results suggest that the proliferation defect in Lin28a-overexpressing chondrocytes is caused, at least in part, through let-7 suppression. Next, we overexpressed Cdc34, E2F5, or Plagl2. We found that overexpression of Cdc34 or E2F5 significantly reduced the chondrocyte cell number, whereas Plagl2 overexpression had no effect (Fig. 5C ). In contrast, knockdown of E2F5 and/or Cdc34 using shRNA viruses rescued the cell number decrease caused by Lin28a overexpression (Fig. 5D ) and subsequently increased the number of Alcian bluepositive cartilaginous nodules (Fig. 5E) . The knockdown efficiency of these shRNA viruses was confirmed (Fig. 5F ). These results suggest that the up-regulation of E2F5 and Cdc34 plays a causal role in the proliferation defect observed in chondrocytes overexpressing Lin28a. Because knockdown of E2F5 or Cdc34 increased Alcian blue positivity, it is also possible that these genes negatively regulate proteoglycan synthesis and contribute to the cartilage phenotype of Lin28a transgenic mice. Multiple computational programs predicted conserved let-7 binding sites in the 3′-UTR of the E2F5 and Cdc34 genes (Fig. 5G) . To determine whether let-7 miRNAs regulate gene expression through these sequences, DNA containing the predicted let-7 binding site(s) was cloned into a luciferase expression construct in the 3′-UTR region of the luciferase gene. After transfection with luciferase vectors carrying these let-7 binding sequences, luciferase activity was significantly suppressed by let-7 coexpression, whereas luciferase activity after transfection with constructs carrying mutated let-7 binding sequences was not suppressed by let-7 cotransfection (Fig.  5H) . These results suggest that let-7 miRNAs suppress E2F5 and Cdc34 expression through these predicted binding sequences.
Combination of Lin28a Overexpression and Mir140 Loss Substantially
Impairs Skeletal Growth. We have previously shown that a global miRNA reduction through conditional ablation of Dicer in chondrocytes causes a severe growth defect due to a dramatic reduction in chondrocyte proliferation and altered chondrocyte differentiation (5) . In this study, we have demonstrated that let-7 deficiency by means of Lin28a overexpression reduces chondrocyte proliferation. Nevertheless, unlike Dicer deficiency, it results in only a relatively mild skeletal growth defect. These findings suggest that in addition to let-7 miRNAs, other miRNAs play important roles in skeletal growth. The miR-140 and miR-140* are encoded by the Mir140 gene, and they are abundantly and relatively specifically expressed in chondrocytes. We and others have previously reported that loss of the Mir140 gene causes a mild skeletal growth defect (6, 7) . Mir140 deficiency causes a defect in chondrocyte differentiation at multiple steps c (Lin28-Tg) mice. Expression levels of 165 miRNAs detected in chondrocytes were normalized by that of the U6 level. Expression levels of miRNAs in Lin28-Tg chondrocytes are shown as fold differences relative to those of controls. The let-7 miRNAs were relatively specifically down-regulated in Lin28-Tg, except for let-7c (arrow). (B) Target let-7 genes were up-regulated in Lin28-Tg rib chondrocytes. Some of microarray results (Table S1 ) were verified by qRT-PCR (n = 3; *P < 0.05 vs. Ctrl). (C) Up-regulation of CDC34 and E2F5 proteins in primary rib chondrocytes of Lin28-Tg mice was verified.
(7). Mir140 deficiency also accelerates chondrocyte differentiation into postmitotic hypertrophic chondrocytes and inhibits differentiation of resting chondrocytes into columnar proliferating chondrocytes, whereas it does not affect chondrocyte proliferation. Because the major growth plate phenotypes of Dicer-deficient growth plates are defects in both proliferation and differentiation, we hypothesized that the two miRNA species, let-7 and Mir140 miRNAs, might play major roles in skeletal development by regulating chondrocyte proliferation and differentiation, respectively; thus, simultaneous deficiency of both miRNA species might result in skeletal phenotypes similar to those observed in mice missing Dicer in chondrocytes.
Genetic ablation of the Mir140 gene causes an expansion of the resting zone, the area mostly devoid of BrdU-positive cells and marked by PTHrP expression, and a mild reduction in the proliferating zone (Fig. 6 A and B) . To generate mice deficient for both let-7 and Mir140 miRNAs, we crossed Col2-Cre:Lin28a c transgenic mice and Mir140-null mice. Single-mutant mice for either Col2-Cre:Lin28a c or Mir140 −/− showed mild growth defects (10-20% reduction in body weight), whereas compound-mutant mice (i.e., Col2-Cre:Lin28a c :Mir140
) were substantially smaller than single-mutant mice (50-60% reduction in body weight), suggesting a synergistic effect of Mir140 deficiency and Lin28a overexpression (Fig. 6 C-E) . Col2-Cre:Lin28a c :Mir140
−/− mice showed a severe impairment in maxillary growth, occasionally leading to underbite, a phenotype observed in mice missing Dicer in chondrocytes (Fig. S4A) . To test whether the synergistic effect of miR140 deficiency and Lin28a overexpression was conserved in other animal species, we manipulated miR-140 and Lin28a in zebrafish. Knockdown of miR-140 causes a mild elongation of the palatal cartilage in zebrafish (36) . The body size of fish with a single manipulation, either miR-140 knockdown or Lin28a overexpression, was only marginally smaller than that of controls; however, simultaneous manipulation of miR-140 knockdown and Lin28a overexpression resulted in a significant decrease in the size of the body and head (Fig. S4B) , a phenotype reminiscent of Dicer knockdown fish (37). In addition, we found palatal defects only in doubly manipulated fish (Fig. S4 C and D) . These results suggest that miR-140 and let-7 miRNAs together also play an important role in skeletal development in zebrafish, thus further suggesting the conserved roles of these miRNAs in skeletogenesis in vertebrates.
Histological analysis of Col2-Cre:Lin28a c :Mir140 −/− mice showed the presence of both features of Mir140 −/− and Col2-Cre:Lin28a c growth plate abnormalities: an expansion of the resting zone and a reduction in the proliferating zone observed in Mir140 −/− mice and reduced cell proliferation found in Col2-Cre: Lin28a c mice (Fig. 7 A-D) . The decrease in proliferating chondrocytes, caused by suppressed differentiation of resting chondrocytes into columnar proliferating chondrocytes missing Mir140, appears to be exacerbated further by the proliferation defect caused by Lin28a overexpression.
Discussion
The let-7 miRNAs comprise the most abundant miRNA species in chondrocytes. In mammals, the roles of let-7 miRNAs have been investigated mainly in the context of cancer and stem cell biology. Despite their abundance in most somatic cells, little is known about their physiological roles in normal tissues, including skeletal tissues. Because let-7 miRNAs are encoded in eight different genomic loci, the conventional gene targeting strategy is difficult to apply to a loss-of-function study in mice. An alter- native is to use a sponge vector that expresses a pseudotarget RNA containing let-7 binding sites to sequester endogenous let-7 miRNAs (38, 39) . We generated Cre-dependent let-7 sponge transgenic mice; although let-7 sponge transgenic mice develop skeletal abnormalities, including increased cell death and reduced proliferation of growth plate chondrocytes after crossing with Col2-Cre transgenic mice, we failed to confirm reductions in let-7 miRNAs, up-regulation of let-7 target genes, or let-7 luciferase reporter activities. Therefore, sponge expression, at least in this context, was not able to suppress let-7 functions but caused "nonspecific" abnormalities. Another strategy we took in this study was based on the recent discovery that LIN28A and LIN28B inhibit let-7 miRNA biogenesis. This finding provided a genetic means to suppress endogenous let-7 miRNAs efficiently.
A low-level ubiquitous expression of Lin28a causes overgrowth in mice, including the skeletal system (18) . The mechanism for the Lin28a-induced overgrowth is not known but is speculated to occur through up-regulation of let-7 target genes. In the present study, we demonstrate that Lin28a overexpression in developing limb mesenchymal cells causes overgrowth in limbs. This finding demonstrates that the overgrowth of Lin28a overexpression is caused in a tissue-autonomous fashion. Unlike in limb mesenchymal cells, Lin28a overexpression in chondrocytes caused a growth defect due to reduced chondrocyte proliferation, suggesting that suppression of let-7 miRNAs results in different consequences dependent on cell type. It is also possible that let-7-independent functions of LIN28A contributed to the differences of phenotypes between limb mesenchymal cells and chondrocytes; it has been reported that LIN28 proteins bind to various mRNAs and regulate their translation, although the physiological significance of these findings remains to be determined (28, 30, 31) .
Lin28a overexpression reduced chondrocyte proliferation, whereas it did not overtly affect chondrocyte differentiation. The Lin28a-induced proliferation defect was partly rescued by let-7 overexpression in vitro, suggesting that the reduced let-7 miRNAs are responsible for the proliferation defect of Lin28a transgenic chondrocytes. A major growth plate abnormality observed in mice missing Dicer in chondrocytes is a proliferation defect. Therefore, it is possible that the proliferation defect in Dicerdeficient chondrocytes is mainly mediated by the reduction in let-7 miRNAs.
Lin28a overexpression efficiently reduced let-7 miRNAs and up-regulated let-7 target genes both in chondrocytes and limb mesenchymal cells. Hmga2 is a well-characterized let-7 target gene, and it was one of the most robustly up-regulated genes in Lin28a-overexpressing chondrocytes in this study. Hmga2 upregulation, due to mutations that disrupt let-7 binding to Hmga2 transcripts, is often observed in multiple types of cancers and is considered to contribute to tumorigenesis (15, 16) . However, in this study, we found that Hmga2 deletion had no effects on skeletal phenotypes caused by Lin28a overexpression. This result suggests that Hmga2 is not a physiologically important let-7 target in skeletal cells.
We were able to show that other let-7 target genes, E2F5 and Cdc34, influence the chondrocyte cell number using an in vitro primary chondrocyte culture system. The observation that knockdown of these genes rescued the cell number reduction caused by Lin28a overexpression suggests that the up-regulation of E2F5 and Cdc34 plays a causal role in the proliferation defect of the Lin28a transgenic growth plate. E2F5 directly interacts , and/or let-71a-f1 (let-7). The cell number was counted 48 h after infection (n = 5; *P < 0.01 vs. GFP; **P < 0.05 vs. Lin28). (B) Expression levels of let-7a and let-7g. The let-7 virus contains let-7a and let-7f but not let-7g (n = 5; *P < 0.05 vs. GFP; **P < 0.05 vs. Lin28; with pocket proteins and inhibits cell cycle progression (40) . On the other hand, CDC34, an E2 ubiquitin-conjugating enzyme, is known to promote cell cycle progression through ubiquitination of cell cycle regulators, such as CDKN1B (P27kip1) (41) and Wee1 (42) , in nonchondrocytic cells. Our study suggests that CDC34 suppresses cell proliferation in chondrocytes. The role of CDC34 has not been studied in skeletal cells; thus, the mechanism by which CDC34 overexpression suppresses chondrocyte proliferation is presently unclear.
Mir140 regulates chondrocyte differentiation. Mir140-deficient growth plates show an expansion of the resting zone and shortening of the columnar proliferating zone, possibly due to deregulation of miR-140 target genes, such as Dnpep, whereas Mir140 loss does not affect chondrocyte proliferation (7) . Singly mutant mice, either Mir140 −/− or Col2Cre:Lin28a c , showed relatively mild skeletal growth defects, even though each modification caused clear alterations in either chondrocyte differentiation or proliferation. This finding suggests that a proliferation or differentiation defect alone caused by these mutations can be compensated for to some extent. In contrast, Col2Cre:Lin28a c : Mir140 −/− doubly mutant mice showed a substantially more severe skeletal growth defect, a phenotype reminiscent of mice with chondrocytes missing Dicer. Because Col2Cre:Lin28a c : Mir140 −/− doubly mutant chondrocytes are deficient for both let-7 miRNAs and miR-140/miR-140*, this observation suggests that these miRNAs, among other chondrocytic miRNAs, play a major role in regulating skeletal growth. The histology of compound mutant mice revealed that both of the abnormalities observed in Mir140 −/− and Col2Cre:Lin28a c mice (i.e., a differentiation defect of resting chondrocytes and a proliferation defect of columnar proliferating chondrocytes, respectively) were present. This result provides evidence that these two abundantly expressed miRNA species in chondrocytes regulate different processes of growth plate development and that defects in these regulations result in failure to maintain an adequate number of columnar proliferating chondrocytes (Fig. 7E) . Mir140 miRNAs facilitate differentiation of resting chondrocytes and inhibit hypertrophic differentiation to increase columnar proliferating chondrocytes, whose normal proliferation and survival require let-7 miRNAs.
Materials and Methods
Mice. A Cre-inducible Lin28a expression transgene (Lin28a c ) was constructed by inserting a mouse Lin28a coding sequence into an expression cassette containing the ubiquitous promoter CAGGS, followed by a loxP-flanked stop sequence and an internal ribosomal entry site (IRES) and EGFP cDNA (Fig.  S1A ). This expression cassette is identical to the one previously described (43) , except that it carries EGFP instead of nLacZ. A 1-kb-long coding sequence of Lin28a was PCR-amplified using primers 5′-ACGGGCTCAGCA-GACGACCATG-3′ and 5′-CCGTCTGGCAAGGGAAATATCACA-3′. Three copies of the amplified cDNA were connected in tandem with IRES sequences and inserted into the above expression cassette between the floxed stop sequence and the IRES-EGFP sequence (Fig. 1A) . The vector sequence and the puromycin resistance gene contained in the vector were removed by digesting the construct with SphI and AscI. The purified DNA fragment was subjected to pronuclear injection. Five transgenic lines were established. Transgenic mice were screened for LIN28A and EGFP expression in tail primary fibroblasts after infection with adenoviruses expressing a Cre recombinase (Fig. 1B) . Two lines that showed Cre-dependent LIN28A induction were selected and further characterized. For genotyping, the Lin28a c transgene was detected by PCR using primers tpA-5, 5′-ATCTTATCATGTCTGGATCCCC-3′, and Lin28AS, 5′-CGCAGTTGTAGCACCTGTCTC-3′. The spontaneous Hmga2-null mutant mice (pygmy) were previously described (44) . We performed genome walking and found that insertion of an LTR-like sequence deleted the first and second exons of the Hmga2 gene in the pygmy allele. The wild-type Hmga2 allele was detected using primers Hmga2-L, 5′-TGGGAATCATCACACACACA-3′, and Hmga2-R, 5′-CCATTAGGACTCCAGCGTACA-3′. The pygmy allele was detected by primers Hmga2pg-F, 5′-AGCCCAGAA-GATCAGTCTTTG-3′, and Hmga2pg-R, 5′-TTTGATGGCGGTGTCATGTAG-3′. Mir140 KO mice (7), Col2-Cre (27) and Prx1-Cre (22) transgenic mice, and PTHrP-LacZ knock-in mice (45) were previously described. Mice were in a mixed genetic background. Comparison was always made between littermates. The animal experiments were approved by the Institutional Animal Care and Use Committee of the Massachusetts General Hospital and performed in accordance with its regulations and guidelines.
Skeletal Preparation and Histology. Alizarin red staining and Alcian blue staining were performed using a modified method of McLeod (46) . For histological analysis, mice were dissected; fixed in 10% (vol/vol) formalin; decalcified in 10% (wt/vol) EDTA; paraffin-processed; cut; and subjected to H&E staining, in situ hybridization, and BrdU staining.
Proliferation and Cell Death Assays. For BrdU labeling, 50 μg of BrdU per gram of body weight was injected in mice i.p. 2 h before euthanasia. BrdU was detected using the BrdU in situ staining kit (Invitrogen). The BrdU labeling index was calculated as the ratio of BrdU-positive nuclei over total nuclei in columnar proliferating chondrocytes of the growth plate. Cell death was evaluated on sections using an in situ cell death detection kit (Roche) according to the manufacturer's instructions.
Primary Chondrocyte Isolation and Culture. Isolation and culture of primary rib chondrocytes were performed as previously described (7) . After overnight culture, cells were trypsinized and replated at a concentration of 5 × 10 5 cells per milliliter in the DMEM containing 10% (vol/vol) FCS. Cell numbers were counted using a C-Chip hemocytometer (Incyto) after trypsinization.
Retrovirus Production and Infection. Retroviruses were constructed using a modified murine stem cell virus vector (pMSCV; Clontech) in which the puromycin resistance cassette is replaced by EGFP. The full-length cDNA for E2F5 was purchased from Openbiosystems (clone no. 3482306). A SalI/ EcoRI fragment containing the coding sequence was subcloned into the XhoI/EcoRI site of the pMSCV-EGFP retrovirus vector, in which the puromycin resistance gene in pMSCV-puro (Clontech) is replaced by EGFP (47) . Coding sequences for Plagl2 and Cdc34 were PCR-amplified using primers Cdc34-5Xho1, TTCTCGAGCCATGGCCCGGCCGCTGG; Cdc34-3EcoR1, CCGAATT-CAGGACTCTTCGGTGCCAG; Plag2l-5Xho1, GTCTCGAGCCTTGCCATGACCACAT-TT; and Plag2l-3EcoR1, CTGAATTCTACTGGAATGCTTGGTGGA (restriction enzyme recognition sites are underlined). Small hairpin constructs were synthesized and subcloned into pMSCV-EGFP. The cloning site of this vector is flanked by sequences of the stem region of the pri-miR-30 gene to facilitate generation of shRNAs through the miRNA processing pathway (48) . For shRNA constructs for E2F5 (shE2F5) and Cdc34 (shCdc34), the following sequence was synthesized and subcloned into pMSCV-EGFP: shE2F5, 5′-gtCTCGAGGGCCTATCCATGTGCTACTTATAAATTCAAGAGATTTATA-AGTAGCACATGGATAGGCCGAATTCTG -3′, and Cdc34, 5′-GTCTCGAGGGCCGC-TGGTGCCAAGCTCGCAGAATTGAAGACATTCTGCGAGCTTGGCACCAGCGGC-CGAATTCTG -3′ (restriction enzyme sites are underlined). pMSCV-EGFP with an insert was cotransfected with Ecopack (Clontech) into 293 cells to produce viruses. Viral particles were concentrated by standard PEG precipitation. Virus infection of primary chondrocytes was performed in the presence of 4 μg/mL Polybrene (American Bioanalytical). Infection efficiency was determined by EGFP expression. The resting is zone is expanded in Mir140 and Mir140:Lin28 mice, whereas the columnar region is reduced in both Lin28 and Mir140 mice. Mir140:Lin28 mice show a further reduction in the length of the columnar region (n ≥ 3; *P < 0.05 vs. Ctrl or Lin28 mice; **P < 0.05 vs. Ctrl, Lin28, or Mir140 mice; # P < 0.05 vs. Ctrl). (E) Proposed model. Mir140 miRNAs are necessary for normal differentiation of resting zone chondrocytes into columnar proliferating chondrocytes. Proper regulation of this process is necessary to maintain an adequate number of proliferating chondrocytes, whereas let-7 miRNAs are necessary for normal proliferation and cell survival of columnar proliferating chondrocytes. Pathways regulated by Mir140 and let-7 miRNAs thus control the mass of proliferating chondrocytes through distinct mechanisms.
